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W.i t }1 :1.? t .j~i(!t J-y C: OI’]i a.i 11S SOIliC! C! J-J”OJ’S h~]l.i c]] ;IJ-<! ]) J” C)~)C1l-t .i C)I1<I .] t c)

d t Ill OS] J)l C’J-.i C f .ic:lcls ?lIICi t o Ot )lC!J- ;).1 t .im!t r.ic C: C) J”l”C!C:t  j C)IIS .

!I’]l C! ]“JUJ-]’)C~SC!  of t ~1.i s ]~;l]~C~J” .i s t Wc)f c)] d: 1 ) i c) c]c)c:ulllc?Ilt t 11<!

c:c).rre.l  at i c)n.~ amc)ng t )1(! nia. in a.) t jnwt J-j c: cc)rrc~c:t j c)ns .in

7’0pex/l ’osc)i clon and t. o clj scuss SC)I1l C’ C: C)[l S~C]LIC!IIC:C!::; 2) to assc!ss

t ]1<! a C: CUJ’a C:y CJf ~]l(! llOJ-.i S .i OIIC~S]:dlC’J-J’  C C: O1”J’C!Ct  .i Orl .

T]1c2 7’01’1’:X/1’CIS1’:l  I)ON Sat c!.].1 .i t c Carr.i c’s t wo al t -irnc!t C!J’S. 011<:

is a dua] - f .rc:c]uc!nc:y al t jnic!t C!.?’ (1.3. 6 Gilz anti 5..3 GIIZ,

(;al .l ahan, 1 .993) t )lat Ill C!a SllJ” C!S t h<: t c)t al c:.1 c:c:t Yon cc~nt c-!r~t

alc~ng t]~c! alt .irnc!t. er pulse’s path. T)l.is al t..inmt c:r 3’s on

aJ”ylroxl’nlat C!ly 902 O.f t 11(2 t J“mc . T)Ic c1 cct rc)l~ c]c!ns-i  t y causc!s

t imc! dc!l ays 011 ‘t Jlc? pu.1 se t )ldt h,~u]d t J-ar’ls]at e as cx-r-c)rs .in

Sc’a l<!vel, t lle quatlt jt.y of .itlt c:rcsi, UIl]&’SS corrc!ctcd fOT

(-2. 18 mm pC2J- lx] 016 C21e CiI-C)IIS/ni9  at ]3. 6 C31z, I,or-c!ll  et al,

1982) . 7’}Ic! c:orrc!Ct.  jc)n has a nic’an Va] UC: of - 4.3 mm and a

st andarcl devjat. ic)n of - 29 mm; wj Lhjn 20Q of the Rquat c)r,

hot]] t IIC! nlc!arl (6.3 111111) ant] t h<! Vt3J”iahj]jty  (40 mm) arc! ]1.j~~l<?l”.

7811(! c;c~rrect- j 011 js maximum arc~und 3 I’M 1 oc:al t jnm (s(:<: Rj ski ]]

ancl Garr.iot, 1969; Calla]lant 1984; C)lc!l ton{ 1988) .

Ahc]ut 10% of t)]c: t -ire!, t IIc! ljg)lt ~r, low power, sjn<]lc!-

fri!c]uency sol.id-st.  at c: al L-im:t.er ( ‘Pose .idc)n ‘) js used, and t.hc!

.i on o spll c! r.i c: cc) J- J-c:ct  j on must hc cd~t ajnc!d f rcm anot llc:r sc)uJ-Cc.

7’h<! si3_L c!] ] j t.<! ?]] so C: F]J-I-j  C:S a I)c)pp] c!J’ J-c!e<!j VCJ- cal 1 C!CI I)ORl S,

w]) c)s 6: ni a j n p u rp c)s e js t o const ~-a-in t hc: c:omjjui  c!d pos2’ t-i c)n c)f

the saii:.lljt. c, jn corl.iurict  3’ on w.i

st at jons. l)ORI S al sc) rmasu.  res jn

a n cl .? G13 z, Yl(!ury C?t al ., 1 991)

d<!] ays t o i t.s sigrliil, hut t h<! pz

~ a 1 a3gc! nunibc!r c)f grounc]

t wc~ c:arr.ic:r  f rc!quc!ric;-ies  (O. 4

C) COJ-l”C!Ct for .i c)nosphc!~j  C;

]IS hc:t wcc!n t )lC! sate!.)].it c! and

1)()]<]s gJC)UIIC] $;t at J’ ons ?] J-C! US LIa] .]Y sl;]x~t ~!d off t)~C! VC!J’t 3“ cal ,

W)JC:J-C:  tl~c al t.jnic:t.  eJ-’s pat h 1 jc:s. 1’llcsc slant pat 1~ d<:] FJy S arc

Usc:cl t C)g(!thc?r wj t. 11 an i c)nosp]lc! r-i c: nlc~c~c!l (};c:nt ) t-o c:st .inia t. c!

t hc~ vc:J-t jca.1 pattl dc:lay.

~jC)t !1 ~COSat- ((:)1 C11C2Y (![ d] ., 1 989) and tllc cuJ-rc:nt L’](S - 1

s.ing]c! f J-c!quc:nc:y a] t..imc:t c:r,sat c:lljt c: have only a . ancl must
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J’<!] y c~J2 a modc:l j 011 OSph<!YC! i C> COJ’I”C.’C:i f 02” t.)].i S C!f f (!C:i . Musr[lal)

et al . (1 990) c:oncl uck!d t )iat rc!si dual j onospl~e.rj C C:rrcjrs

WOU1 d be J’c!movc!d wllc:r] app] yj nq c) J-h.i t Corrc!ci  i oris t. c) i. hc

Gec)sat clat-a, c:~’c:c?pl. poss-ihl y duJ-.ing geonlagnet .i c si orms.

Gc!osat had h!t. wc!erJ 30 cm and 100 cm orb-i t C~J-J-OJ-, dc:pc![)ci-i  ng on

t-h<? c) J”t)it used ant] t.)lc! Clat c! (Zlcjt n.ick.i c!t al ., 1 99.3) anti all

c)rh.i t .crror rc!moval sc:)lcvnes a 1 sc) tihsorbcc] sj gn.i f j c:an t c!nc!r~y

.in c~cc!an.ic rnoi jons that Cc)u]d riot t ~Ju5: hc! rec--c~vc:rc!d. Tllis

apprc~a cl] is not accc!pt ah] c: f C)T Y’C)I’RX/ I’OSA’1 DON, whose c~J-l_j.i t

c!rros js hc!low .5 cm (Morrjs and Gil 1, 1994) and whose goal js

t o rc2cover t t~c ] argc:J- scalos of t.lle ocean cjrculatj on (I”u et

al ., 1.994) .

I)A 7’A .

7’IJc dat a usc!d ~~i-~ “f roni t IIC: AVISO Merged Gc!ophysj cal lJat a

Rc.’coJ-ds  ( ‘AVISO MGI~R ‘, AVISO, 199.3) , containing data fJ-om

hot h t he 1’01’KX dlla] - f rcquency and Lhc! I’OSI+:I1)ON sol j d-st at c:

altjmc~ter. OIil y dat.~ from the t“OI’A’X dual -- fJ’c!quc!ncy  al t .iniet c!r

(shout. 90% of t hc! t ime) wc:re used jr] t his st udy, .i 11 O1-C]C?l’ t C)

have l)ot.h ma-in jonospheri~ corrections avajlablc:. The t,.inm

C:ovc!rdg(: js about. 326 clays start jng January 11, 19.9.3 (1’opex

C:ycl(!s 12 through 44) . The spatial covc!ragc: arc! t I]C gl ohal

c) c c’ a n .~ up t. c) 66~’ c)f lat it udc:, excc!pt whc?re an equat or.ia] hanc]

is ci.isc:ussc!ci.

Y’tic: sea .1 eve] rc:sj cluals Wc:l-c!  c:omput ccl .i n i )lJ-C!C! st c!ps.

14’.i J-st , for c:ach record in the AVI SO MGI)R a sea 1 evc!l he. i ght

above t he mean sea Sllrfa c<! was Oht a.inc:d as :



07’i cieR CR - ST.idc! - l’2’jdc - lnvl~ar - OSU MSS (])

wllc!rc: !1 Sat -is t.hc: sat el] -i t c! he.igl]t. f rorn LIJC NASA o~h.i t.,

)1 A.? i .is t.llc: al t .imet C: J- range! co.t-~c!ct.c:d for .instrurnc:nt.  al

C! ffc!cts, MMIJ K? js t.]lc! c!] C.’ct romagnc!t-j  c b-i as COT3-C:Ci. j OIJ w-i t.)]

t.hc NASA al qor-i~hm, 1 ono T .is t.hc! jonospjlcr.i c Cc)rrc!ct  .ic)n f J-O1ll

t IIc clual - f J-cquency al t. inlet C: J-, Dry js t h<! dry t.rc)posphc!~.i c

corrc!ct j on from the Frc:nch Mc:t. eorol og.i cdl Off .i cc:, Wet.. Rac~ js

i ]JC! WC2t. tTO~OS~)JC3-j  c C: C) T3”C!C:t  j Cjll from t. IJC 7’0]’l:X n/2’ crows vc?

ra d-i cmlc!t. c:r, 01’jde CR -is t he occ:an t jde es~.inlate (carlwJ.ight-

anc] Ray, 1991, rnocle.1 ) , ST.ide js t IIc? soljd >:a J-ih t ide

c!st .imat et P1’jdc! js tllc~ pc)l e t..idc:, lnvlh=ir -is the invert c:d

baromc:ter effect, ancl 0S(? MSS js the Oh.i o St. at. C [Jnjvers.ity

rnc:arj sea surface IJc.ight (Rapp et a]. , 1 991; IJasj c ard l~aw~,

1.992) . A.] 1 correct ions are .irlcl udc!o’ in t be AVISO MGDR.

2“11 c:

recc)rds

ha c] any

:;~cond s~~p jnvo] ved c:cli t jng out Spur.i C) U.! Ciat a:

were not used wbcn t tic: flags a]t had ] C)l- a]t hFiCi ~

b-i t. on, Wbc!n ~}JC! C: U3-1-C!Ilt. mode 1 flag W13S IIOt. SC:t. t.O

‘> ’.inc l’rack ‘ or showcci pJ-O~)l ems (~)j t.s 4-5) , when any t e3’lii in

(1) had a dc!fault  (ni.iss.irig) val ue, or when /11 S1, i > 3000 mm

(sonic of t.hesc! crj t.erja c~o not apply t o the: Pose:.idon

a.1 tjnic:t. er) .

7’lIc~ t.hjrcl st ep .invc)] ved intc:rpolat.ing 11- Slt Lc) a fjxed sci.

of .1 c~ngj~udc!s (rwlat. jve Lo the Equator crc~ssjrlg longj tude)

using an exact. c:uhjc spl.ine alongl.rackl  tO allow Col~jn~!a3”
ci.iffc2ren ci?s. fi’inally, at. each lat. itudep, longitude ~, time

t., t be ni~an sea levc] over the t ime spaxi s(. udi ed was T(”Vll OVC!Ci:

(2)

Tllc: nia.in jndicat or c)f quality of a c:c)rrec:t. i on usec] Ilere

.is t )JC? rc!duc:ti on in varjanc:c! c~f rc!sidual  sea ]CVC!] aft er

app] y>” ng t.hc correct. i c)n. The ciet. a.i 1s of this cri t er.i on arc!



C: OJ”J-C:Ct,.i  OrJS af f C?ct .~ t J]e -int c?rJ”lrc!t at icjn .

I,c L h be the t rue SC?Zi 1 CVCI llej g}lt. a t .  SOIIIQ p~ ace a n d

t irnc!, and le~ {It IMJ a r[)e;~fgLl~-en~c:rli.  of h that requires an

adci.i t.i VC: corJ’cci i on t c?rm Whose) Lruc! va] UC? js c . Think of C

as any of t hc: envi ronnlc:llt.  a.1 c:orrcct i ons (wc’i i ropospllc:rc!r

i on osph c:re, etc) ; tll.ink of h as sea 1 Cvel perfect.1  y correct

for c!vc!ryth-ing  ot, her than C .

(“/)

(8)



“1
so, WhC?rJ no correl at j Cjns exj st. anicjng  t.lIc! va~--i Clus t erlils(

t he quantity Q varies bet-wecn -1 and +1 . On] y i n i he absenc:c

of correlations t.hc’ following ir]terpretat .-ion -is warrant ed: Q

-> - ] when the error of the coTrect 3’ on is nc?g] jgib] e ( C CC >

<< <CC>), and Q --> + 1 when t he erl’or of i. }lC! Correct i C>II

totally dominates t.lle C?StiIilatC~ Ct . lrl I-.1Jc abSC!rl CC: of

corrc!l  at ions, a correct. i on can b<’ cal 1 cd more ‘e ff-icjc!nt  1 -if

ji. s Q is c710sc2r t.o -1, and a correction csi-imat.c can be

cal 1 ed niore ‘useful 1 if i i decreases var.i ante niore than a

cornpet.ing  <!stjniat. e.

c: OI>VC23-Se]y, absolute values of Q larger than 1 are

suf f j c~’ent pTOOf t,hat. COTH?]at..i OnS among t)Jc! VaT.i ous t.c!rnis

exj st; in such a case the increa.sc’ or decrease jn variance

bet. ween uncorrected and corrected sca 1 eve] may exceed t.hc

variance of the correction applied. Furthermore, in that.

case, the fact. that a correction dc!creascs the var.iancx? of

rc!si dual sea level is not. pr-oof t-hat the co~rc!ct ion is

useful .

Not-ice t-hat it. was assumed that )1 jtself had no errors

c)t. her than C, t.o sjmplify t-he algebra. In fact, h is the

resv] t of a measurement and contains nwasurement errors. lobe

t m-m <he> in eq. (7) t-hc!refore includes not only to

correlations ht ween the current correcti on (think of the wet

tropospheric correct-ion) and sea level, but also between the

current. correction and rcs]’ dual errors ]“n sca level after

appl y]”ng other correcti ons (for exarnpl C’, Lhe dry t ropc)spheri c

t. erm) .

CORRE1,A l’] ONS AMONG CORRF:C1’1  ONS .

Tab] c 1 gi vcs an idea of t.hc relative size of selc!ctec~

corrections, by listing, in decrcasj ng orcler, t~leir stanc~arci

devi at i on (cT) for l’OI’EX/POSlil  IJON. The ‘f ul.1 1 0 was computed

from the f u] 1 correct. i c)rl: it includes energy jn its

geographic variability as WC1l as in its time variability;



t )1(2 ‘co-l ljnca.r’ 0 was computed aftc?r subst Yc2ct >’ng FIt eae)l

laiiiudc - longjtude  pcljnt t.h<? ]C)C?I]  t jnl(? avC!Y~gC v~] Ue c~f t }JC!

correct--i on. lvhc ‘f u]] 1 0“ js re. lcvant t o st. ud.ies of absolute

dynamic topography above! t.l]c geojd; t tle ‘co] 1 jnear ’ 0 js

rclc’vant. to studjes of t..ime-vary-i[]g  oczean motions, Wllcre t 11 C2

local t..irne average that js removed jncludes the geojd and LIIc!

avc:rages of all the Corrections.

The ocean t..ide COrrCCL.iC)Il jS t )J<? OrJ]y One) Wjt)l more

energy than resjdua] sca level (SCC Sehrarna and Ray, 1994;

Knudsen, 1994; Wagner and Cl]eney, 1992) , whjch cxplajns why

small uncert. a.int. ies ]’n the t..ides cause large errors jn the

st. udjes of other sea level sjgnals. 7’he jnvert. ed barometer

t.errn is the second most, energet.jc correct, jon. Nejther tides

nor jnveri. ed baronmicr are ‘corrc!ct. jons 1 jn the sense of

mc]difying  al t..inicte.r  n)easurcment,s t.o yjeld t h<! corrc!ct. sea

level, but. are attempts at. model l.ing and removjng ‘known ‘

ocean signals to study the rest (see l’aj, 1993) . The

lcorrect. ed sea level 1 in the ‘full values 1 columns contains

an uncorrcctc~d error due t.o uncert aint.jes in thc’ Ohio State

niean sea surface when equation (1 ) is used: there is a 400 mm

bias and a 240 mm offset I_mt. ween the centers of mass c>f t he

TOI’EX sea level and the mean sea surf-ace (Callahan, 1993) ,

PI us a resjdual error .in the mean sea surface that. Knudsc!n

(1 994) est-imat. ed at 75 nim rrns, much of jt conccnt. rated jn the

western equatorial Pacjfjc and IIic]ian occ’ans.

Table 2 ljst. s t.llc: global corrc!lat.ions found among the

values of selected corrections and sea level, both for full

values and collinear differences. Thcsc were computed as

s.impl e corrclat..ions for any t. wo varjables as jf ihe ot.ller

onc:s d-id not exist. , rat her than as a mul t.iple regression.

Correlati ons of 1 % or h.igller are djfferc:nt.  from zero w.it.h 99%

conf jdcnce, conservatj  vel y assuming that. pojrlts separat Cd by

at least- 10c jr] latit-udc! and long.itudc, and 1/~ day are

irldependent (about 196,000 degrees of freedom in the 11.8



m.i 11 i on 1 –second sanipl es used) . l’l]e dry Lyoposphcri  c

correction is not listed, since it is very close to 4.4 times

tl]c invert cd baromet er, p] us a g] oba] ly averaged val ue.

I1OW do these correlat ions arise? Consider first t.lle

simple st., corrections proportional to atmospheric pressure

(inverted barometer) and water vapor. Over the range of

lat i t.udes covered by l’opex/Poseidon,  66QS t.o 66QN, the

temporal mean values of both are higher at. low latitudes

(e. g. , Figure 1) , even though if the sampling continued t.o

polar latitudes, pressure would increase again, associated

with sinking air, while water vapor would not (see Wallace

and Hobbs, 1977; Bat.tan, 1974) . l’his helps understand the

large (2’8%) correlation on full val ucs. l’he temporal

variabil i ty of atmospheric surface pressure is larger at tligh

latitudes while that of water vapor is larger at low

latitudes (see Figure Ia, b) , a fact that decreases any

correlation on the temporal variabil i ty. ~loweverr near the

Equator, low atmospheric pressure and high evaporation are

t..ied to the lntertropica]  Convergence Zone, whose mot i on

shifts both the patterrls of pressure and water vapor, leading

t.o the -10% correlation on the t..irne variations at fixed

geographic positions.

The correlation betwc?en EM bias and pressure is due to

the high waves and pressure variability  in subpolar

lat. it.udes, since EM bias is, to first order, a small

percentage of the significant. wave height (S WII), some of it

‘seas’, locally generated by the wind and related to local

atmospheric pressure, and tk]e rest ‘Swell ‘, generated

elsewhere. Notice that t.h.is correlation is almost as

important on the full corrections (41%) as on their t~’r[]c’

variations (30%) . l’he sensitivity of estimated EM bias

coefficients to t.hc irlvert. c’d baronmter correction was

emphasized by Gaspar et al . (1 994) and Rodriguez (1 994) .

l’hc high corrclat.ion (37%) bctwccn full values of

i onospheric electron content and t.roposptlerie  wat~r vapor is
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t.hc result- of t-he incrc!ase of the mean clf both fjelds towards

low lat. jt. udcs (Fjgure.s la, c) , and is cons -idcrably  weakcnc~d

(5%) c~nce t-heir time variat. jorls alone are considered.

TOI’h’X/I)OSEl”DON samples a vc!ry narro w rang<! of 1 oca 1 i imcs a t

any fixed latit-ude in any one 10 day cycle (Figure 2), and

t.~lc 1 ocal times of Equator crossing are the most. f rcquent.ly

occurring in the global da~a set. . Therefore, the satellite

maps latitudinal variations into apparc:r~t local-time

variations. l’his causes the peculiarity that, when viewed by

l’opcx/Posei donr water vapor is a strong function of local

t imc~: both ionosphere c elect.ron content (fig. 2c) and water

vapor (fig. 2d) peak at the 1 ocal times of Equat, or crossing;

one can still distinguish the ionospheric plot since electron

dcnsi t.y is much higher during 1 ocal daytime.

The relatively large corrcl at ion bet wccn wet troposphere c

correction and residual sea level (-20%) is mostly due to a

wat cr vapor error in the OS V- MSS, whi cl] is based on the

Geosat data with the Fleet Numerical Ocean Center (~’NOC)

water vapor (Yi, 1992; Knudsen, 1994) .

‘1’h c -11% correlation between ionospheric electron content

and F:M–b.i as l’n CO1 1 l“nc’a~ di fferc>x]ccs is harder t o ul]dc’rst  aria’.

EM-bias is essentially proportional to SW]], but the

Corre]at.ion between ionosphere and SW)] is stronger: 1.5% in

the CO1 linear differences. Some possible explanations can be

exe] Uded. The correlation between 17M-bias and the Doris

ionosphere is -9%, so most of the –11% is not t.hc

instrumental effect describc:d in lmel (1 994; see his figure

5) , whereby corrections to the l’opex altimeter’s Ku and C

band ranges are themselves functic>ns of SWII, and those: two

apparent ranges are used to compute the ionospheric

corrc:cti on. Neither is there a significant difference when

the correlations bet. wecn icjnosphcre  and SWII are computed

using the K-band SWII or the C-band SWH, excl uding other

instrumental reasons (lmcl, 1 994) . l’he correlation with RM-

bias is much st.rong<!r  (-1 6%) polcward of 40QS, where SWI1 is
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strongest., than wit. h.in 25c’ of the Equator (–8%), and an

expl oratory search through the l’opcx data shows a weak

diurnal cycle (viewed in small geographic areas) to the SWil.

Any consistent diurnal cycle in SWII would generate a strong

correlation with t.hc ionosphere. While several physical

reasons can be invoked to justify a diurnal cycle in

wavch~:ight. (diurnal cycles in the wind or in the nc!ar-surface

stratification), this issue deserves a more careful

d-iscllssion, outside the scope of this paper.

These correlations can cause a problem. lf the fields

needed for the corrections were perfectly known, and if there

were no doubt. what-ever as to the formula for t-he correction,

then the correlations would be harmless. However, consider

the inverted barometer correction. l’he pressure field used is

the result. of a numerical model of the atmosphere (EL]ropean

Center for Medium Range Weather Forecast, modified by French

Meteorological Office), updated with data assimilation, a

good but imperfect model, with -larger uncertainties in areas

with no data. This field is used for the dry t-ropospheric

correction, whose formula is not. in doubt, and also for the

inverted baronieter correction. The latter is the complete

oceanic response to pressure in a specific range of space and

time scales (Wunsch, 1972), and outside that range there are

additional oceanic motions in response to atmospheric

pressure (Ponte et al., 1991). Since the correction is

applied with no regard to space or time scales, there is

bound to be a pressure-related residual term in residual sea

level . When t-he corrections used are smooth versions of the

true values and based on sparse data, as is the case with

atmospheric pressure data, their residual errors are usually

correlated with the corrections themselves: atmosphere c

pressure uncertainties arc higher in the area of tile

Antarctic C’ircumpolar Current (Strub, 1988) due both to the

large variability of pressure and low dens.ity of

observations. ionospheric electron content from Doris, which



invo]vc!s a space–time jntcrpolat-.ion  among slant paths between

t]le satellite and fixed ground stations, should have larger

errors near the Eqvat. or, where t. ~lc 1 arqe electron content

variab.il i ty may not be sampled rapid] y enough or cl osely

enough. On the othc!r hand, t.here is no particular reason for

the rcsi dual errors in the TOPEX ionospheric measurement or

the TOPEX Microwave! Radiometer water vapor t.o be correlated

wjt. h the signals themselv<!s.

DISCUSSION and CON(H,VS1 ONS.

Table 3 shows the reduct-.ion jn variance Q (equation 6) of

corrected sea level, both w.i t.h collinear d.iffcrences and ful 1

values, obtained by applying certain corrections. Of course,

to minimize the effect of correlations among correct-ions, all

corrections except the one being discussed are applied to the

data. While the author was unable to derive analytically a

confidence interval on the statistic Q, he computed Q from

both a small subset. and t-he full data set. with the following

resul t: the global Q based on only 1.2x106 points differed

from the Q based on 11.9x10 6 points with a median absolute

value of Q of 0.04, and a maximum difference of 0.22; for the

equatorial subset, with 0 .35x106 vs 3.3x106 points, the median

Q difference was 0.15 and the maximum 0.16. So, differences

in global. Q of at least, 0.1 appear significant; fol’ the

equatorial subset, 0.16 is a significant. difference.

Consider first the ocean tide correction (Cartwright  and

Ray), since its interpretation is simplest. lt. is very

energetic, and its application removes 103% of the variance

in the correction, which is within 38 of a perfectly

efficient correction (note that two corrections for the same

effect can both decrease variance by 100% of the corrections’

variances, but the one yielding the lower residual sea level

variance will be the better one, in the absence of

correlations) . l’his effect is the same for collinear or full
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values of the ocean tides

from everything else, t-he

8.

1:3

Since ihc tides arc decorrelated

Q can be int. erpretcd as in equation

Now consider the wet tropospheric term. When using full

corrections, its Q is only 0.03, suggesting that it, is a

useless correction. IIowcverr Table .? shows that t.hc fu.1] wet.

tropospheric term is correlated to EM bias, ionosphere,

inverted barometer and residual sea level . l’herefore, by

equation (7) , no interpretation can be assigned t.o this Q

unless we quantify the error in theother terms, mostly the

OS[~ MSS. The wet tropospheric correction for collinear

differences shows a Q of -0.65 (only 65% of the variance in

the correction goes to reduce sea level variance) . l-n the

absence of correlations this would suggest. a good hut

imperfect correction, but l’able 2 hints at another

explanation: atmospheric pressure and water vapor are

corrt?lat-ed, and the inverted barometer correction is

imperfect (FU and Pihos, 1994), hence there is a residual

coniponent of sea level tied to a local, instantaneous

response to atmospheric pressure, which also correlates with

the wet tropospheric t,erm. In addition, any residual errors

in t.hc EM bias will also affect tile Q for the wet

tropospheric correction, due to their correlation.

The dry tropospheric row of l’able 3 is further proof that

the inverted barometer assumption fails over some parts of

the ocean some of the time, or the pressure field used is

inaccurate, or both. If the dry tropospheric correctio~i  is

applied after the inverted barometer (consider collinear

differences only), only 7% of its variance goes to reduce sca

level variance, leaving 93% of its variance as a pressurc-

rclated signal in residual sea lc’vc!I . If no inverted

barometer is applied, applying a c~ry tropospheric term wit}l

(19 mm)p variance rcciuces the variance of sea level by a huge

8.96 x (19 mm)2. Inverted barometer and dry tropospheric

terms, while physically very different (Chcltonr 1988; l’ai,



1992) are essentially proportional to ~he same atmospheric

pressure, but inverted barometc!r  is over 4.4 times larg<!r

with a weak latitudinal variation due to gravitational

changes (Callahan, 1993).

l’hc inverted barometer effect on the EM bias term (Fu anc~

Glazman, 1991; Rodriguez) is almost as striking: if one does

not. apply the inverted barometer term, any EM bias correction

will increase sea level variance. As corollary, any

uncertainties in the pressure data or inverted barometer

response of the ocean will severely affect estimates of the

EM bias coefficients (see Rodriguez and Martin, 1994), and

coefficients computed with one correction will need to be re-

evaluated if the inverted baromctc!r correction is changed.

l’hc collinear cl-inferences of ionospheric corrections show

a clear pattern, globally or within .20~ of the Equator. The

smooth version (90 km alongtrack average) of the TOPEX dual–

f’rcquency altimeter is the best correction, removing (11 nml)p

more variance than the unsoothed version or the Doris

correction, globally. These numbers can be interpreted also

as the’ accuracy gains in using one correction instead of the

other. These values are consistent with Morris and Gill 1s

(1994) estimate of 9 mm in the Great l,akes area, where there

is no significant oceanographic signal. Within 20~ of the

Equator, the smooth TOPEIX correction removes (14 mm)2 more

variance than the Doris estimate. No significant difference

in the results is obtained by smoothing the T’OPEX correction

over 200 km alongtrack (see also Jmel, 1994) . The correlation

between ionospheric and F:M-bias tc!rms means that

uncertainties in the latter will affect this conclusion to

some extent.

l’)le variance numbers mask a difference in length scales

and the concentration of the Doris ionospheric error at low

latitudes: as illustrat.c!d in figures 3, the difference

between smooth and unsmooth 1’OPEX ionospheric estimate is

uncorrelated 1 secorld noise’, but the difference with the
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l]oris-based correct..ion occurs over much longer spatial

scales. As shown in >’igure 4, a consistent, apparent, sea

level difference of 3 cm across the equatorial Atlan~.ic or a

? cm difference around 20QN across t-he WIIOIC Pacific can be

produced simply by the difference bei.ween lropex and Doris

ionospheric terms. 1+’eatures of t.h.is nature must be kept in

n]jnd when jntcrpret.ing sea lCVC1 djffercnccs  among cycles

with different. ionospheric correciiorls.
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h’1 GURH CAI’~’1 ON S

F’igurc 1 . i’, onal averages and standard dcviat. jorls (drawn as

error bars) of corrections as a functjon of latit_ude.

l)RY : dry tropospheric, WF:~’: wet tropospheric from

radi omet_er, 10NO : Topex dual-frequency ionospheric, EMII:

KM bias, NASA algorithm.

Figure 2. All funcl_ions of local Lime, for a 5 day period

(the second half of TOI>I:X/I)OSRII>ON’s  cycle 19):

(a) lat.it.ude sampled

(b) histogram of local t.imcs

(c) ionospheric correction

(d) wet- tropospheric correct.ic)n.

Figure 3. Ionospheric corrections f-or one particular daytime

pass of ‘1’OPEX/POSEIIJON: descending pass 210 (equator

crossi.ng==-162  .28~, on day 38 of 1993.

Figure 4. Apparent sea level difference, in mm, between two

cycles (see ].abel above maps) , caused solely by the

difference between ‘1’opex and. Doris ionospheric

corrections. The maps were obt_airled by gridding over 10

days and 5~ t_he ionospheric differences, then

subtracting Lhe t_wo 10 day maps. This simple gridding,

comparable to more sophisticated ones an oceanographer

might_ use t.o study large scales, combines both the large

daytime and small night_t.ime ionospheric values.
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val ues 1 refer to the full values of the corrections and to

sea level above the OSV mean sea surface (eq. 1) . columns

labelled ‘coil.diff. t refer t-o collinear differences of both

sea level and corrections, as in equation (2), with zero

mean value at every latitude-longitude point.
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108.2 Wet Tro~o ~ra d] 0.03 90 2.28.3—— --- .“.. . . . . . . —. . . ..> —.. . . . .

108.2 _, -0.31 32 228.3

108..2 Inverted Barometer_ -0.89 134 228.3

108.2~7’0 Qx) -1.41 38 228.3

108.2~1 obal -0.24 33 228.3
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E~UATORIAL. . . . . . . . . . . . . . . . . . . . . . . . . . . . ..L . . ..+LL  CORR APPL  .. . . . . . . . . . . . . . . . . . . . . . . ..-.. -—.. .--,

91.3 1 on o TOPEX e~ -1.16 4.? 248.1

91.3 1 on o TOPEX sm~ -1.31 41 248.1———

91.3~-1 .1.? 43 .?48.1
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x

.—-. —. —-

131.9~ra d -0.81 90 .261.0

131.9 --._-_-L ---------- -m.- . . . ..- . . ..—A. --... -..- . . . . -8”66Dry l’ro~o 32 261.0

131.9 EM Bias ~l=gL 1.50 38 261.0—-.. —-—.. -. —-... —---- . . . .-—- . . . . .

Q: computed from equation (6)

o Co.rr : standard deviation  of the correet. jon, 3’ n mm.

0 h: standard deviat..ion  of corrected sea level, in mm.

equatorial: within latitudes +/- 20P. (All other rows refer to

global values) .

smooth: approx. 90 km a longtrack average.

ljeftrnost. 3 co] umns: from CO1l jnear differences (equat.  j on .?) .

Rightmost 3 columns: full correct -ions, sea level above OSU_ MSS.

11 NVBAR NO 1’ APPI,l h’D 1 : no inverted barometer correction used in

followjng three rows.



cm ._-–.-*----  . ‘T ‘- IT 1 ‘-–
T

--- T –-f

i r“i

.-J --

-—--~—~–-–—  T – – - r— — —  7 - - - - - -  ,  -.—  q——

235

+++--+-i

~ ‘WI

i.t

.

225

~{&..—..-.L t.— d . _ .  .  .  .  .  .  .  A

30

— ——.._—_ .-U. -— .—L-.—– -!-—-— —-..1

+-k\

W---II+-.
t-t+++

10
I

.— —..
t

— ––J  —–—L..  . ..L i.—— ————  ._ ——

10

0

m!(’)

+1-lHH-lt1 ’

—.

.

—

..

I-.--10

0 ~ATITIJDE-L..——l_l—_l .._J . . . . . . . . . . . t ._L .._>___ .._.. A.._ _L _ L .,

-60
L — .  ,

-40 -20 0 20 40 60

-.
.J - -  .LL



~.,’. -
-,:, :!{

,Wk,... -—... .  .

I —. _._... . _______ -x,&

1-

0
1-
Co
—

1

..— — –1

z “L’
—

< ‘- w~1

cc
c)
o

000
d- Kf-i J -.-J..  --_] __.._. J -._.lJ .._



I l’1] -’7 1“~.—L II

-—:
---T”

_- .-
--—-— ~--.—..

. ._.-—_
&—-

-=

0t=

.-:-
5a!!5--~..

EiEi=
.—- ----

‘%.
. .. . . .. -—

4-- .’.

m
E
0
n

0 0
(b CN

lAJIN ‘EEJO~ 31 WHCRON0

I

.

Y’

s
2’
0“
~.

~“- ,

m,
;.
6 ‘
LJJ-,
m“’ .
%
c1
0:
u)

:

x
w

&t-

0
w’”

0
CN

cl
Cy




